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Relation of ammonia excretion adaptation to glutaminase
activity in acidotic, subtotalnephrectomized rats
SIRIBHINYA BENYAJATI and LEON GOLDSTEIN
Division of Biology and Medicine, Brown University, Providence, Rhode Island
Relation of ammonia excretion adaptation to glutaminase activ-
ity in acidotic, subtotalnephrectomized rats. The response of renal
ammonia excretion to acidosis was examined in adult rats with
reduced renal mass (SNX). Three days after surgical ablation of
70% of renal mass, the activity of renal phosphate-dependent
glutaminase (PDG) in SNX rats was 7.7 1.5 jimoles of ammonia!
100 mg of proteinS mm or approximately 50% of the activity in
normal rats (14.5 2.6 jimoles of ammonia/100 mg of pro-
tein mm), but enhanced ammonia excretion per unit weight was
observed in SNX rats (7.2 0.7 in control vs. 14.6 3.2 jrmoleslg
of kidney' hr in SNX rats). The cause(s) of the reduction in the
specific activity of PDG (as well as the increase in ammonia
excretion) is unknown. The PDG decrease was not due to apparent
tissue damage and appeared to be a specific change, as the activity
of renal succinate dehydrogenase, another mitochondrial inner-
membrane enzyme, did not decrease (from the control level) in
SNX rats. Ammonia excretion showed no significant response to
an acute acid load (ammonium chloride, 5 mmoleslkg of body wt)
in SNX rats. Ammonia excretion, however, did adapt to repeated
acid-loading (10 mmoles of ammonium chloride per kg of body wt
per day for 3 days); ammonia excretion increased more than two-
fold by the third day of treatment. This adaptive response was
associated with a two-fold rise in renal PDG. Administration of
actinomycin D, at a dose which produced no gross toxic signs (100
jig/kg/day i.p.), inhibited virtually all the increases in both ammo-
nia excretion and PDG activity. The correlation of ammonia excre-
tion and PDG adaptations in acidotic SNX rats was similar to that
previously observed in infant rats.
Relation entre l'adaptation de l'excrétion d'ammoniaque et
l'activité glutaminase chez des rats en acidose ayant subi une
reduction de Ia masse rénale. La réponse de l'excrétion
d'ammoniaque a l'acidose a été Ctudiée chez des rats adultes dont
Ia masse rénale était réduite (SNX). Trois jours après l'ablation
chirurgicale de 70% du tissu renal l'activité de Ia glutaminase
rénale phosphate dépendante (PDG) est de 7,7 1,5 jimoles
d'ammoniaque/lOO mg de proteines mm, soit approximativement
50% de l'activité des rats normaux (14,5 2,6 jsmoles
d'ammoniaquelloo mg de protéines' mi, mais une augmentation
de l'excrétion d'ammoniaque par unite de poids est observee chez
les rats SNX (7,2 0,7 chez les contrôles contre 14,6 3,2jimoleslg de rein' hr chez les rats SNX). La ou les causes de Ia
reduction de l'activité specifique de PDG ainsi que celles de
l'augmentation de l'execrétion d'ammoniaque ne sont pas con-
flues. La diminution de PDG nest pas due a des lesions tissulaires
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et parait être specifique puisque l'activité de Ia succinate déhydro-
génase renale, une autre enzyme de Ia membrane mitochondriale
interne, ne diminue pas chez les rats SNX par rapport aux con-
trôles. L'excrétion d'ammoniaque n'est pas modifiée de facon
significative par une charge acide aigue (NH4CI, 5 mmoles/kg)
chez les rats SNX. Cependant l'excrétion d'ammoniaque s'adapte
a une charge acide répétée (10 mmoles/kg/jour de Nl-[1C1
pendant 3 jours); l'excrétion d'ammoniaque est augmentée d'un
facteur supérieur a 2 au troisième jour de Ia charge. Cette réponse
adaptative est associée a une dose qui ne produit pas de signes
toxiques évidents (100 jig/kg/jour, i.p.), inhibe pratiquement toute
l'augmentation de l'excrétion d'ammoniaque et de l'activité PDG.
La correlation de l'excrétion d'ammoniaque et des adaptations de
Ia PDG chez les rats SNX en acidose est semblable a celle observée
antérieurement chez les jeunes rats.
Studies on renal ammonia excretion in infant rats
have led to the hypothesis that adaptation in renal
glutaminase activity may be necessary for the renal
ammonia response to acidosis during conditions in
which the enzyme level becomes rate-limiting in the
deamidation of glutamine [1]. One such condition
may be partial nephrectomy in adult animals. Uni-
nephrectomy in adult rats does not result in any
change in renal glutaminase activity [2—4], nor does
it affect the ability of the rats to excrete ammonia in
response to acid load [2]. Preliminary experiments
conducted in connection with the present study con-
firmed this conclusion. Therefore, it seemed that
renal mass of adult rats must be severely reduced
(e.g., to one third of the original mass) for glutami-
nase to become rate-limiting, and if this were the
case then the above hypothesis could be tested using
subtotalnephrectomized adult rats as experimental
models.
Decreased urinary excretion of ammonia has been
observed in animals with severely reduced function-
ing renal mass [5, 6]. Increased ammonia production
per residual nephron, however, has been found in
these animals under basal conditions [6, 7]. In re-
sponse to a load of acidifying salt, subtotalnephrec-
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tomized (SNX) animals show a severely limited ca-
pacity to increase the excretion of ammonia [8, 91.
This poor response of ammonia excretion to acidosis
is not due to an inability to achieve a maximal uri-
nary hydrogen ion concentration or to a reduction in
urinary flow rate. Moreover, substrate delivery to
the remnant kidney is not rate-limiting for ammonia
excretion [10]. No studies have been performed on
the response of ammonia excretion to prolonged aci-
dosis in SNX animals; and no information is availa-
ble on the ability of SNX rats to respond to an acid
challenge or to excrete ammonia before compensa-
tory growth occurs. Moreover, the activity of the
enzymes important in renal ammonia production in
SNX animals maintained on a control diet have not
been measured.
Our experiments, therefore, examined the imme-
diate effects of a reduction in nephron mass on am-
monia excretion and glutaminase activity in adult
rats that were fed a normal diet. The effects of
metabolic acidosis on glutaminase activity and am-
monia excretion were then investigated in the rem-
nant kidney before it had undergone compensatory
growth. The results demonstrated that before any
significant compensatory growth occurred, ammonia
excretion per unit weight was relatively enhanced
under basal conditions. The cause of this increase
was independent of glutaminase level since the activ-
ity of glutaminase was decreased. During prolonged
acidosis in SNX rats, however, the adaptation of
ammonia excretion was shown to be related to the
level of glutaminase activity in the remnant kidney.
Methods
Animals. Adult male Sprague-Dawley rats (CD
strain) weighing 150 to 200 g were used (Charles
River Laboratories, Wilmington, Mass.). The ani-
mals were housed in an air-conditioned room main-
tained at 70° C and were fed Charles River rat chow
and water ad lib. They were maintained on a 12-hr
automatically regulated light and dark schedule.
Surgical procedure. The basic operation involved
a surgical removal of 65 to 75% of the total kidney
mass from rats under ether anesthesia. The left kid-
ney was removed by a standard nephrectomy tech-
nique; this was accomplished by exteriorizing the left
kidney through a dorsolateral incision in the body
wall, separating it from the adrenal gland and adven-
titial connective tissue, and extirpating it after ligat-
ing the renal blood vessels and the ureter. Partial
nephrectomy of the right kidney was performed by
slowly tightening a purse-string suture around the
lower pole, over a period of five minutes to control
bleeding, and excising the tissue beyond the suture.
Immediately following the operation, the excised re-
nal tissue was weighed in tared containers to deter-
mine wet weight. The approximate percentage of the
renal mass removed, in relation to the total mass,
was calculated on the basis of the removed tissue,
assuming that the right and left kidney had similar
weights. On the average, approximately 70% of the
total renal mass was removed from these rats. Con-
trol rats were sham-operated; flank incisions were
made, both kidneys were exposed and replaced, and
then the incisions were closed with sutures.
General experimental protocol. Approximately 24
hr after surgery, acidosis was induced in both sham
and SNX rats by administration of 5 mmoles of
ammonium chloride/kg of body wt in a volume of
water equal to 2.5% body wt via a polyethylene
stomach tube (PE-60). Control rats of both groups
were administered a similar dose of ammonium
bicarbonate. A four-hour urine collection was per-
formed using metabolism cages as previously de-
scribed [1]. The administration of ammonium
chloride or ammonium bicarbonate was repeated in
the evening. A similar procedure was followed for
the next two days. After each urine collection pe-
riod, a group of rats was killed, and the kidneys were
removed and quickly frozen on dry ice. Both urine
and kidney samples were stored at —85° C until use.
Blood samples were obtained by cardiac puncture
of some sham and SNX rats anesthetized with ether.
Part of the sample was mixed with an equal volume
of ice-cold 20% trichloroacetic acid, was centrifuged,
and the supernatant was frozen for urea analysis.
The other part was centrifuged, and the separated
plasma was used to determine the total plasma car-
bon dioxide content (Van Slyke manometric appara-
tus, Magne-Matic model, A. H. Thomas).
Effect of actinomycin D on adaptive responses of
glutaminase and ammonia excretion during acidosis
in SNX rats. The effects of actinomycin D (Sigma
Chemical Co.) on the responses of renal glutaminase
and ammonia excretion to acidosis were investigated
in subtotalnephrectomized rats. A minimal dose of
actinomycin D that would have the desired effect
(inhibition of renal glutaminase adaptation) without
producing gross signs of toxicity was first established
in intact adult rats, and this dose was found to be 100
pg/kg of body wt per day. Twenty-four hours after
surgery, actinomycin D at the dose of 100 .tg/kglday
was dissolved in saline and injected i.p. into SNX
rats at the same times that ammonium chloride or
ammonium bicarbonate (10 mmoles/kg/day) was ad-
ministered. Control SNX rats were injected with
saline. Rate of ammonia excretion was measured for
four hours, at 24 hr after the treatment began. Imme-
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diately after 28 hr, the rats were killed, and the
kidneys were removed for biochemical assays.
During the experimental period, the SNX rats
were housed individually in metabolism cages with
food and water given ad lib. The daily weight
change, food and water consumption, and excretions
were monitored.
Analytical methods. Urine pH was determined
with a pH meter (Model 12, Corning Scientific In-
struments). Urinary ammonia concentration was as-
sayed by a microdiffusion-colorimetric technique
[11, 12]. The activities of phosphate-dependent glu-
taminase and succinate dehydrogenase were mea-
sured in duplicate in whole tissue homogenates of
kidney. Glutaminase activity was measured as previ-
ously described [13]. Succinate dehydrogenase ac-
tivity was determined colormetrically by measuring
the amount of the reduced form of an artificial elec-
tron acceptor (2-p-iodophenyl-3-p-nitrophenyl-5-
phenyl tetrazolium chloride) in the presence of phen-
azine methosuiphate [14, 151.
DNA and RNA concentrations were determined
on perchioric acid extracts of the kidney homogenate
[161. The ultraviolet absorption of RNA was read at
260 m.t and compared with standards prepared from
dried calf liver RNA (Sigma Chemical Co.) which
had been hydrolyzed in 0.1 N HC1O4 for one hour at
1000 C. DNA was determined with the colorimetric
diphenylamine reaction, using the modified proce-
dure of Burton [171. DNA was read at 600 mt and
was compared with standards prepared from dried
calf thymus DNA (Sigma Chemical Co.). Protein
content of renal tissue was determined by the
method of Lowry et al [181. Tissue water content
was determined by drying duplicate one-milliliter au-
quots of 10% kidney homogenate to a constant
weight in an oven set at 90° to 95° C. Blood urea
concentration was determined by incubating an au-
quot of the deproteinized blood with urease before
alkalinization, and the evolved ammonia was as-
sayed as described above.
The results are expressed as the means 1 SEM,
Statistical analysis was performed using both Stu-
dent's t test and the analysis of variance whenever
applicable.
Results
Renal composition and function in sham and SNX
rats. The effects of reduction of renal mass by 70%
on various parameters of the SNX rats are shown in
Table 1. Twenty-four hours after the surgery, renal
mass, renal protein content, and the number of renal
Table 1. Effect of subtotalnephrectomy (SNX) on renal compositon, ammonia excretion, and phosphate-dependent
glutaminase (PDG) activity of adult rats°
Sham
SNX postoperative period
Day 1 Day 2 Day 3
Renal mass 0.92 0.08 0.30 0.03' — 0.48 0.07'
g wet wt/100 g body wt (6) (5) (5)
Renal protein content 1.47 0.05 0.52 Q06b — 0.64 0.06
total mglg body wt (6) (5) (5)
Renal DNA content 7.12 0.46 2.21 020b 2.70 0.27
total mgIlOO g body wt (6) (5) (5)
Total renal water content 82.8 1.2 81.9 1.0 — 84.2 1.2
%ofwetwr (6) (5) (5)
Urine flow rated 1.0 0.1 0.7 Ole 0.6 0.o3 0.8 0.1
ml/100 g/hr (13) (13) (5) (5)
Urine pHd 7.6 0.04
(13)
6.5 O.l
(13)
6.5 O.l
(5)
6.6 O.2
(5)
Total ammonia excretion" 6.2 0.6 — 5.1 0.9 —
.unole/1OU g body wt/hr (13) (20)
Ammonia excretion per unit Wtd 7.2 0.7 — 14.6 3.2e
mole/g kidney/hr (6) (9)
Renal PDG activity" 14.5 2.6 7.7 1.5 — 9.3 0.7
pmole NH3/100 mg protein/mm (6) (5) (5)
Renal SDH activity 58.3 10.4 — 59.5 4.9 —
pinole INT/mg protein/mm (6) (5)
a Values are mean SEM, with the number of rats per group in parentheses. Where urine was collected, all rats received
5 mmoles of ammonium bicarbonate per kg at the beginning of the four-hour collection period. Abbreviations used are
PDG, phosphate-dependent glutaminase; SDH, succinate dehydrogenase; and INT, 2-p-iodophenyl-3-p-nitrophenyl-5-
phenyl tetrazolium chloride.
Values are significantly different from sham values, P <0.02.
Values are significantly different from SNX values of day 1, P <0.05; the significance of the time-dependent effect of
subtotalnephrectomy was determined by the analysis of variance.
d The effect of subtotalnephrectomy on these SNX parameter$ is not time-dependent as revealed by analysis of variance.
Values are statistically different from sham values, P <0.05.
Values are statistically different from sham values, P < 0.001.
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It can be seen that there were decreases in the
urine flow rate and urine pH of the SNX rats, com-
pared to those of the sham animals. The decrease in
urine flow rate of SNX rats probably reflected the
reduction of renal mass, as the fluid intake of the
SNX rats was similar to that of the sham rats, and the
more acidic urine was likely due to the increased
excretory load of hydrogen ions imposed on the
remnant kidney. When the reduction of renal mass
was taken into account, there was a twofold increase
in the urine flow rate per unit renal mass of SNX rats
compared to sham animals, indicating, perhaps, the
adaptive increase of renal blood flow and, conse-
quently, of the glomerular filtration rate of the re-
maining kidney [20, 211.
Adaptations of ammonia excretion and glutami-
nase activity in acidotic sham and SNX rats. The
effects of administration of the acidifying salt, am-
monium chloride, on the excretion of ammonia and
renal phosphate-dependent glutaminase of both SNX
and sham-operated rats are shown in Figure 1. SNX
rats showed only a slight increase (30%) in their
cells (DNA content) were about one third the control
values; the surgery had no effects on the renal water
concentration. Three days after surgery, the remain-
ing kidney of the SNX rats showed signs of bypertro-
phy, as indicated by the increases in renal mass (by
60%) and in total renal water content (by 64%). The
increase in renal protein content was not significant.
The total amount of DNA in the remaining kidney
did not increase significantly over the three-day pe-
riod, indicating that the hyperplasia following SNX
had not yet progressed to a detectable level. The
SNX rats were slightly uremic by the second day
after the surgery (8.2 1.0 moles of urea per ml of
blood, mean SEM, in six SNX rats vs. 4.1 0.9
moles/ml for five sham rats, P < 0.02). This
seemed to be the only evident pathological sign in the
SNX rats used in this experiment, as they did not show
any sign of proteinuria, nor did they show any sign of
metabolic acidosis as indicated by their total plasma
carbon dioxide content (23.5 0.8 m, mean
SEM, for five sham rats vs. 24.9 0.4 m for four
SNX rats).
Ammonia excretion and glutaminase activity in
sham and SNX rats. Table I shows the effect of
subtotalnephrectomy on ammonia excretion and re-
nal glutaminase activity in adult rats. The rate of total
ammonia excretion of SNX rats did not differ signifi-
cantly from that of control rats. When the reduction
of renal mass was taken into account, however, the
rate of ammonia excretion per unit weight of the
remnant kidney was twice as high as that of the intact
kidney (P <0.05; Table 1). This might be partly due
to the more acidic urine of the SNX rats, promoting
the diffusion of ammonia into the urine.
The 40% decrease in the activity of the renal glu-
taminase was an unexpected finding. In order to test
whether this was a specific effect of the surgical
ablation on the glutaminase enzyme, the activity of
another enzyme which is also localized in the inner
membrane of mitochondria, succinate dehydroge-
nase [19], was assessed in the kidneys of both SNX
and sham-operated rats. It was found that the activ-
ity of renal succinate dehydrogenase in SNX rats
was the same as that in sham animals (Table 1). This
indicates that the reduction in glutaminase activity of
the SNX kidneys was a specific change; the cause(s)
of the change in the activity of this enzyme is not
clear. Histological examination of the remnant kid-
ney of the SNX rats both by light and electron
microscopy revealed that the reduction of the glu-
taminase activity could not have been due to tissue
damage as a result of surgical ablation. Examination
of subcellular organelles, especially the mitochondria
(sites of glutaminase) revealed no abnormalities in
these structures.
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Fig. 1. Responses of ammonia excretion (top panel) and renal
glutaminase (PDG) (bottom panel) to repeated administration of
ammonium chloride in sham-operated (sham) and subtotalne-
phrectomized (SNX) adult rats. Acidotic rats (closed circles) re-
ceived 5 mmoles of ammonium chloride per kg of body wt twice
daily; control rats (open circles) received a similar dose of ammo-
nium bicarbonate. Values are mean SEM of at least five rats per
group.
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ammonia excretion in response to a single dose of
ammonium chloride, despite the fact that acute aci-
dosis produced similar urine acidification in both
SNX and sham rats (urine pH was 6.0 0.1 in 20
SNX rats and 5.8 0.1 in 14 sham rats). In compari-
son, similar treatment of sham-operated rats in-
creased their ammonia excretion over fivefold within
four hours. The SNX rats, however, demonstrated
the ability to adapt their ammonia response with
repeated administration of ammonium chloride;
there was a 2.5-fold increase by the third day of the
treatment (Fig. 1).
The response of phosphate-dependent glutaminase
activity closely followed the adaptive response of the
ammonia excretion in acidotic SNX rats (Fig. 1); the
increase in enzyme activity was approximately two-
to threefold on the third day, the same as the in-
crease in ammonia excretion. The glutaminase activ-
ity of the acidotic sham rats fluctuated around the
control values despite a large increase in their ammo-
nia excretion.
Inhibition of adaptations of ammonia excretion
and glutaminase by actinomycin D. It appeared from
the results obtained in SNX rats that the adaptive
response of ammonia excretion to acidosis was
closely associated with the adaptation of the enzyme
glutaminase. This association was tested further with
the antibiotic actinomycin D. Actinomycin D, which
inhibits RNA synthesis in rat kidney [22], was used
to block the acid-induced rise in glutaminase synthe-
sis in acidotic SNX rats, and the rate of ammonia
excretion of these rats was then measured.
A minimal dose of actinomycin D that would have
an inhibitory effect on the synthesis of new renal
glutaminase, without producing gross signs of toxic-
ity in intact adult rats, was found to be 100 g'kg per
day. With this dose of actinomycin D, the rats ap-
peared normal after 28 hr of treatment. Their food
and water consumption and excretions were similar
to those of the saline controls.
As previously observed [23], the antibiotic com-
pletely inhibited the increase in glutaminase activity
of the acidotic intact rats, but ammonia excretion
was still increased, albeit to a significantly lesser
degree. Actinomycin D decreased the renal concen-
trations of protein and RNA as expected, but had no
significant effects on urine pH or urine flow rate.
The effects of actinomycin D treatment on the
adaptations of renal phosphate-dependent glutami-
nase and ammonia excretion to prolonged acidosis in
SNX rats are shown in Figure 2. Administration of
ammonium chloride (10 mmoles/kg/day) to SNX rats
for 28 hr resulted in a twofold increase of both
ammonia excretion and glutaminase activity. In the
presence of actinomycin D, these variables were not
significantly affected in nonacidotic SNX rats; in
acidotic rats, however, the antibiotic totally pre-
vented the increases in both glutaminase activity and
ammonia excretion.
Although the nontoxic dose level of actinomycin D
was worked out in intact adult rats, this dose did not
appear to be more toxic in the SNX rats. As shown
in Table 2, actinomycin D had no significant effects
on urine flow rate, urine pH, renal mass, renal pro-
tein content, or renal DNA content of SNX rats.
Renal RNA content was slightly decreased due to the
specific action of the antibiotic. In previous studies
[1, 23], the toxicity of actinomycin was usually asso-
ciated with drastic reductions in body weight, food-
water consumption, urine flow rate, and gastrointes-
tinal disturbances. These symptoms were not ob-
served in SNX rats treated with 100 tg/kg/day of
actinomycin D in the present study.
Discussion
The purpose of this study was to determine
whether the level of renal phosphate-dependent glu-
taminase activity might be rate-limiting in the re-
sponse of renal ammonia excretion to acidosis when
the enzyme content is severely reduced in adult
animals. It was, therefore, interesting to find that
there was a 40% decrease in the specific activity of
glutaminase in the SNX kidneys. This low level of
glutaminase activity made SNX rats suitable as an
Acidosis
50
40
0
I
J Control
Control + actinomycin
.0
C0
.!Co
Fig. 2. Effect of actinomycin .D treatment on responses of renal
ammonia excretion and renal glutaminase activity to metabolic
acidosis in SNX rats. Rats were made acidotic with 5 mmoles of
ammonium chloride per kg of body wt twice a day; control rats
received ammonium bicarbonate. Actinomycin D, in two equally
divided doses (100 tgIkg/day), was administered i.p. for two days.
Control groups received saline injections. Values are mean SEM.
The P values refer to the differences between actinomycin D-
treated animals and their respective controls. The number in each
bar represents the number of animals in each group. The analysis
of variance indicated interaction between the effects of actinomy-
cm and acidosis treatments.
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Table 2. Effect of actinomycin D treatment on responses of related renal parameters to acidosis in SNX ratsa,
Control
Control &
actinomycin Acidosis
Acidosis &
actinomycin
Urine flow rate 0.6 0.03 0.5 0.1 0.8 0.1 0.5 0.1
mlIIOO glhr (5) (5) (9) (8)
Urine pH
Kidney weight
6.5 0.1
(5)
0.47 0.04
6.4 0.2
(5)
0.46 0.01
5.5 01d
(9)
0.48 0.02
5•5 0•1d
(8)
0.49 0.03
gIlOO g body wt (5) (5) (9) (6)
Renal protein 134.8 8.6 133.2 3.0 125.1 5.3 132.3 5.6
mg/g kidney (5) (5) (9) (6)
Renal RNA 4.2 0.1 3.4 O.1C 3.8 0.2 3.6 0.2
total mg/100 g body wt (5) (5) (9) (6)
Renal DNA 3.4 0.2 3.2 0.2 3.2 0.2 4.0 0.3
total mgIIOO g body wt (5) (5) (5) (6)
a Values are mean SEM, with the number of rats per group in parentheses. Acidotic rats received 5 mmoles of
ammonium chloride per kg twice daily for two days. Control rats received a similar dose of ammonium bicarbonate.
Actinomycin D (100 rg/kgIday) in two equally divided doses or saline was injected i.p. at the same time ammonium
chloride was administered.
b Analysis of variance showed no interaction between the effects of actinomycin treatment and acidosis treatment on
these parameters.
Values of the actinomycin D-treated groups are statistically different from their respective control values, P <0.001.
d Values of the acidotic groups are statistically different from their non-acidotic controls, P < 0.005.
experimental model in adult animals to test this hy-
pothesis [11.
Although the rate of total ammonia excretion (as
expressed per 100 g of body wt) of SNX rats was the
same as that of control rats under basal conditions,
ammonia excretion per unit of functioning renal mass
in SNX rats was found to be twice as high as that in
control animals. We realize that SNX animals gener-
ally have lower glomerular filtration rates (GFR) and
fewer number of functioning nephrons than do intact
animals [7, 20], and that the reduction in mass does
not necessarily represent equal reductions in GFR or
in nephron numbers. In comparison with intact ani-
mals, however, all three parameters (renal mass,
GFR, nephron number) decrease in SNX rats, while
total ammonia excretion remains essentially the
same. Therefore, it is obvious that the ability of SNX
kidneys to excrete ammonia under basal conditions
is relatively enhanced compared to the intact kid-
neys, even though the expression of ammonia excre-
tion per gram of kidney may either underestimate or
overestimate the actual increase in ammonia excre-
tion per unit GFR or per nephron. This data supports
previous observations of increased ammonia excre-
tion per residual nephron following experimental
nephron reduction [6, 7]. The present study indicates
that this adaptation in ammonia excretion may occur
as early as the second day after surgery, before any
signfficant compensatory regeneration takes place.
Despite the enhanced ability of the remnant kidney
to excrete ammonia under control conditions, the
results obtained in this study show that the remnant
kidneys of SNX rats are limited in their ability to
eliminate an extra acid load in comparison to intact
kidneys. This finding is similar to that observed in
other partially nephrectomized animals and in pa-
tients with renal disease [8, 9, 24].
It is possible that the greater response of ammonia
excretion observed in the sham rats compared to the
SNX rats was related to the larger acid-induced fall
in urine pH (from 7.6 down to 5.8) in the sham group
than in SNX rats, in which urine pH decreased from
6.5 down to 6.0. This difference, however, could not
account for more than a minor part of the discrep-
ancy in ammonia response between sham and SNX
rats for the following reasons: The rate of ammonia
excretion in nonacidotic sham rats was approxi-
mately 7 moles/g of kidney per hr with a urine pH
of 7.6 (Table 1) and 15 j.rmoles!g/hr in a similar group
of SNX rats with a urine pH of 6.5 (Table 2 and Fig.
2). After a 28-hr acid load, urine pH fell to low levels
in both sham (pH, 6.2) and SNX (pH, 5.5) rats, and
ammonia excretion rose to essentially the same level
(40 moles/gIhr) in both sham and SNX rats (Figs. 1
and 2). Thus, the higher, initial urine pH in the non-
acidotic sham rats could have accounted for about a
30% greater response in the sham group compared to
SNX rats with the lower initial pH (an increase of 32
tmoles/g/hr in the sham vs. 25 in the SNX); the differ-
ence in initial urine pH in these two groups could not
account for more than a minor part of the approxi-
mately fivefold difference in response of ammonia
excretion to acute acid-loading in the two groups.
In parallel with the poor ammonia response to a
single dose of acid, the activity of phosphate-depen-
dent glutaminase in SNX rats after the same dose
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was found to be only 57% that of the normal rats.
With prolonged metabolic acidosis (three days),
there was an enhancement in renal ammonia excre-
tion in SNX rats, along with a parallel increase in
renal phosphate-dependent glutaminase activity; the
enzyme level in the acidotic SNX rats increased to
130% that of the normal rats. The pattern of response
of ammonia excretion to acidosis in the SNX rat is
strikingly similar to that in the infant, but not to that
in the intact adult rat. In infant rats, the low level of
glutaminase activity (36% adult level) appears to
limit the response of ammonia excretion to an acid
load [1]. Thus, the results of the present study sug-
gest that as a result of severe reduction in functioning
renal mass by surgical ablation, the decreased level
of renal glutaminase may become a rate-limiting fac-
tor in the response of ammonia excretion to meta-
bolic acidosis. This idea received further support
from experiments in which acidotic SNX rats were
treated with a nontoxic dose of actinomycin D. Acti-
nomycin D treatment abolished the increase in glu-
taminase activity of the acidotic SNX rats as well as
the adaptation of ammonia excretion. These results
are in contrast to those found in intact adult rats, in
which actinomycin D inhibited the adaptation of glu-
taminase but failed to abolish the increase in ammo-
nia excretion following an acid load [23, 25] .$
Although the experiments with actinomycin D are
consistent with the idea that a rise in activity of renal
glutaminase is rate-limiting in the acid-induced re-
sponse of ammonia excretion in rats with reduced
renal mass, other interpretations are possible. For
example, it is conceivable that actinomycin D could
have blocked the acid-induced rise in ammonia ex-
cretion by nonspecific effects on nonenzymatic fac-
tors related to ammonia excretion, e.g., renal blood
flow or GFR. Two facts, however, make this possi-
bility unlikely. First, the antibiotic does not decrease
the rate of ammonia excretion in nonacidotic SNX
rats (Fig. 2). Second, the antibiotic inhibits the adap-
tation of ammonia excretion in infant and in SNX
rats but not in intact adult rats. Thus, actinomycin D
inhibits ammonia excretion only in acidotic rats with
reduced total renal glutaminase activity.
In contrast to the situation in acidotic SNX rats,
there is no correlation between ammonia excretion
and renal glutaminase activity in nonacidotic SNX
rats. In the latter group, the specific activity of glu-
taminase fell, while ammonia excretion increased
twofold. Thus, the paradoxical situation exists in
which ammonia excretion is increased in nonacidotic
SNX rats despite a 40% decrease in renal phosphate-
dependent glutaminase (PDG), while the acid-in-
duced rise in ammonia excretion requires synthesis
of more enzyme. It is possible, however, that the two
phenomena are actually related. In non-acidotic
SNX rats, the rise in ammonia excretion is obviously
independent of changes in renal enzyme content and
therefore must be due to changes in enzyme activity.
It is quite possible that the elevations in renal blood
flow and GFR in the SNX kidney increase the supply
of substrate (glutamine) and cofactors (phosphate)
and, therefore, activity of renal PDG. Thus, the
enzyme would be operating closer to its maximal
capacity in the remnant kidney than in the normal
kidney. This would be reflected in the elevation of
ammonia excretion observed in SNX kidney. When
the system is further stimulated by acid-loading, the
reserve, inactive enzyme found in the normal kidney
is not present in the SNX kidney, and more enzyme
must be synthesized to elicit a normal response to
acid-loading. While this hypothesis could account
qualitatively for the paradox described above, direct
measurements of concentrations of substrates and
cofactors at the site of PDG activity (i.e., mitochon-
dna) would have to be made to test the quantitative
validity of this idea.
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